Clusters of galaxies are the largest known gravitationally bound structures in the Universe, with masses around 10 15 M , most of it in the form of dark matter. The ground-based Imaging Atmospheric Cherenkov Telescope MAGIC made a deep survey of the Perseus cluster of galaxies using almost 400 h of data recorded between 2009 and 2017. This is the deepest observational campaign so far on a cluster of galaxies in the very high energy range. We search for gamma-ray signals from dark matter particles in the mass range between 200 GeV and 200 TeV decaying into standard model pairs. We apply an analysis optimized for the spectral and morphological features expected from dark matter decays and find no evidence of decaying dark matter. From this, we conclude that dark matter particles have a decay lifetime longer than ∼ 10 26 s in all considered channels. Our results improve previous lower limits found by MAGIC and represent the strongest limits on decaying dark matter particles from ground-based gamma-ray instruments.
Introduction
Decades of observational evidence show that the Standard Model (SM) of Particles Physics cannot entirely explain the gravitational balance observed at all cosmological scales, from that of Milky Way satellite dwarf spheroidal galaxies (dSphs) to that of cluster of galaxies (CGs, see Roos, 2010; Freese, 2009) . In order to explain these observations, Dark Matter (DM) has been suggested to exist in the form of a new elementary particle, currently only seen through its gravitational imprint. Weakly-Interacting Massive Particles (WIMPs) are generic massive particles with an expected mass range between few GeV (Lee-Winberg limit, see Boehm et al., 2004) and few hundreds of TeV (unitary bound, see Griest and Kamionkowski, 1990) . WIMPs are expected to interact with SM particles with strengths at the weak scale, and to be either stable or very long lived. A WIMP can either annihilate or decay into SM particles, or even be decoupled from the SM. The WIMP paradigm has been long debated, as the WIMP self-annihilation in the early Universe naturally accounts for the DM density observed at present (typically referred to as the WIMP miracle), being possibly within reach of different currently operating instruments. The case of DM annihilation has received greater attention in the literature (Feng, 2010) but there is no experimental or theoretical guarantee that DM particles are absolutely stable. The only constraint is that decaying DM particles' lifetime should be comparable or larger than the Hubble time of ∼ 10 17 s in order to explain the current DM density. Among others, decaying DM particles may produce e.g. leptons, quarks, or gauge bosons, which can subsequently provide electromagnetic radiation due to prompt emission or secondary interactions. Lately, DM models that favour decays into leptons (known as "leptophilic" models) have received increased attention, due to the excess of positron events observed in the local cosmic ray (CR) flux by PAMELA, AMS-II and Fermi-LAT (Adriani et al., 2009; Abdo et al., 2009; Ackermann et al., 2010; Aguilar et al., 2013) .
The standard cosmological model predicts CGs to be the latest and most massive structures to form in the Universe (Peebles, 1994) . With higher DM concentration and closer distances, dSphs and the Galactic Center are among the best regions to search for annihilating WIMPs. CGs however, with masses of the order of 10 14−15 M (∼80% of it in the form of DM, see e.g., Jeltema et al., 2009; Pinzke et al., 2009) , are excellent laboratories to study decaying DM. The Perseus CG is a cool-core cluster located at a distance of 77.7 Mpc (redshift z = 0.0183). Perseus is very bright in X-rays, and one of the best candidates for detecting CR induced gamma rays that come from particle acceleration at the cluster core (Aleksić et al., 2010a; Pinzke and Pfrommer, 2010; . The Perseus CG is considered among the most promising CGs for gamma-ray indirect DM detection (Sánchez-Conde et al., 2011) .
The Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes (Aleksić et al., 2016a) have observed the Perseus CG since 2009, the deepest exposure the instrument has carried out. The campaign took place over several consecutive years and comprised almost 400 h of recorded data until 2017. MAGIC is a system of two 17 m diameter Imaging Atmospheric Cherenkov Telescopes (IACTs) capable of detecting gamma rays in the very high energy (VHE, E> 50 GeV) band. For low zenith angle observations, MAGIC has an angular resolution of ∼0.1 • , a trigger threshold of ∼50 GeV, and sensitivity for point-like sources of ∼0.66% of Crab Nebula flux above 220 GeV in 50 h of observation (Aleksić et al., 2016a) . The MAGIC campaign on Perseus CG proved to be very fruitful, producing the strongest limits on CR acceleration and CR pressure in the core of the cluster (Aleksić et al., 2010a (Aleksić et al., , 2012c ; a clear detection and model for the radio galaxy NGC 1275, at the center of the cluster (Aleksić et al., 2012d (Aleksić et al., , 2014b ; and the detection of the peculiar radio galaxy IC 310, located at 0.6 deg from the Perseus CG center, which provides important evidence related to the acceleration of CRs close to black holes (Aleksić et al., 2010b (Aleksić et al., , 2014a .
In this work we focus on the search for signatures of decaying DM in an extended region from the Perseus CG with observations from MAGIC. We do not consider the annihilation case since the expected signal of DM annihilation in the Perseus CG would be one order of magnitude smaller than the signal expected for the typical case of dSphs (Sánchez-Conde et al., 2011) . More importantly, the expected morphology of the signal of annihilating DM is more concentrated towards the center of the cluster that of decay where, in the case of the Perseus CG, we have limited sensitivity due to the presence of the variable flux gamma-ray emitter NGC 1275. We search for signatures of decaying DM particles in the mass range between 200 GeV and 200 TeV for hadronic/leptonic decays, and for DM particles with masses between 200 GeV and 20 TeV decaying into γγ. We find no evidence for a DM signal and consequently set 95% confidence level (CL) lower-limits on the decay lifetime of the DM particle for the different assumed mass values and decay channels.
The rest of this paper is structured as follows. Section 2 discusses the expected DM distribution of the Perseus CG and the photon flux at Earth coming from DM decays. Section 3 describes the MAGIC observations and event selection, optimized to search for DM decays. In Section 4 we introduce the likelihood formalism used in the analysis. In Section 5 we present the obtained lower limits on the decay lifetime, which are put into context with other measurements. In Section 6 the paper is briefly summarized and the conclusions are given.
Expected Dark Matter Decay Signal from Perseus
In order to compute the gamma-ray rate expectations and tailor the data reconstruction and analysis, we first need to assess the DM framework. The differential gamma-ray flux coming from decaying DM from a given direction in the sky is given by:
where m DM is the DM mass, τ DM the DM particle lifetime, dN γ /dE is the average decay spectrum per reaction, and dJ dec /dΩ is called the differential astrophysical factor (or simply differential J-factor, Bergstrom et al., 1998) and is obtained integrating the DM density ρ over the line-of-sight (l.o.s.) for the decay reaction:
The total J-factor enclosed in a given sky region can be obtained integrating Equation 2 over a solid angle ∆Ω. We proceed now in discussing the terms of Equation 1 separately.
2.1. Decay DM particle models An important constraint for decaying DM comes from the fact that, if DM particles were in thermal equilibrium in the early Universe, τ DM should be larger than the age of the Universe in order to explain the current observed DM density. Scenarios with such candidates should only allow for a small violation of their stability (Berezinsky et al., 1991; Chen and Kamionkowski, 2004; Ando and Ishiwata, 2015) . Alternatively, the stability can be related to the strength of the space-time curvature enabling the so-called gravity portal (Catá et al., 2017) . There are several valid candidates for decaying DM proposed in the literature (see, e.g., Feng, 2010) , such as the sterile neutrino, the axion, or the super-symmetric candidates gravitino, lightest righthanded sneutrino, and wino. Regardless the microscopic nature of the particle, DM decays can be roughly classified as (i) leptonic, (ii) hadronic, or (iii) a mix of the two, according to the particle predominance in the decay products. DM candidates with masses at the TeV scale and leptophilic decay modes have been proposed in order to match the measured spectral features seen in CR positron data (see e.g. Feng et al., 2014) .
Additionally, decay processes may also give rise to monochromatic photon lines (Garny et al., 2011) . Among the candidates previously mentioned, the sterile-neutrino (Ando and Kusenko, 2010) or the gravitino with masses below 2-300 GeV (Ibarra, 2012 ) could produce such a clear signal that hardly any astrophysical process can mimic.
Dark Matter Distribution
The DM density profile of different astrophysical sources (e.g., the Galactic Center, dSphs and CGs) is generally considered universal and can be expressed by a Zhao-Hernquist functional form (Hernquist, 1990; Zhao, 1996) as where r is the distance from the DM dynamical center of the cluster, r s and ρ 0 are the characteristic scale radius and DM density, and α, β, γ are free parameters. Due to hierarchical structure formation, the total DM profile expressed in Equation 2 is the sum of a smooth component and a second component due to a large expected number of small DM substructures. The effect of DM substructures in the case of DM annihilation in CGs can increase the total astrophysical factor for annihilation J ann by a factor up to a few tens (Sánchez-Conde et al., 2011; Moliné et al., 2017) . In the case of decaying DM however, because of the linear dependence with the DM density (see Equation 2), substructures tend to average out for large observation angles and do not have a sizeable effect on J dec .
We follow the prescription in Sánchez-Conde et al. (2011) , where the DM density profile of the Perseus CG is modelled with a Navarro-Frenk-White parametrization (e.g. a Zhao-Hernquist profile with α = 1, β = 3 and γ = 1, Navarro et al., 1996) with r s = 0.477 Mpc and ρ 0 = 7.25 × 10 14 M Mpc −3 . In our analysis we consider the entire DM halo of the Perseus cluster (with a radius of ∼ 1.5 • ), which results in total decay J-factor of 1.5 × 10 19 GeV cm −2 . During the analysis, further angular cuts are applied, which will effectively reduce that value (see Section 3.2).
The estimation of J dec is proportional to the total DM mass in the source, and hence this is the largest source of uncertainty. In order to be considered in our analysis, these uncertainty should be known as a function of the integration angle (∆Ω in Equation 2), which is not the case. Mass estimates for CGs show agreement of the order of 4% uncertainty between lensing and hydrostatic estimation on a sample of 50 CGs (Smith et al., 2016) . However, the Perseus CG was not included in this study likely due to its vicinity or ample extension in the sky. For this reason, current available measurements of the total mass of the Perseus CG (Reiprich and Boehringer, 2000; Chen et al., 2007) have larger associated uncertainties of about 30%. No uncertainties in the J-factor are considered in our analysis, but even assuming a 50% uncertainty on J dec , our lower limits on the lifetime would be weakened by only a factor 2.
MAGIC observation and data selection
MAGIC observations were carried out in wobble mode (Fomin et al., 1994) , where both the signal (ON) and background control (OFF) regions are observed within the same field of view (FoV). The data were taken in R1 is the region around NCG 1275 defined by θ < θ min (shown with dashed black arrows only for OFF) with respect to NGC 1275's direction. R2 is the region defined between θ min < θ < θ max and are shown as blue regions for ON and OFF. Dark matter is searched within R2 while R1 is used to evaluate the gamma-ray emission activity of NGC 1275 for each given dataset.
two different observation pointing modes (here labelled A and B). The gamma-ray emitting radio-galaxy NGC 1275 is located at the dynamical center of the cluster (see Figure 1) , and for observation mode A, four symmetric pointing positions are taken at 0.4 • distance around this point. In pointing mode B, the instrument wobbles around a point half-distance between NGC 1275 and IC 310 (pointing alternately in two of the pointing positions of mode A). The galaxy NGC 1265 is another important object in the FoV. NGC 1265 is clearly visible in X-rays (Sun et al., 2005) and, albeit never detected above E > 1 GeV, is treated as a potential gamma-ray emitter in the analysis.
During the observation campaign, the MAGIC telescopes underwent several hardware upgrades (Aleksić et al., 2016a,b) , leading to six different hardware stable periods (from P1 to P6 in Table 1 ). Appropriate Monte Carlo (MC) simulations for each period are generated to determine the corresponding instrument response function (IRF i.e., the effective area for signal, the angular resolution and bias of the energy reconstruction).
For each data sample, the standard MAGIC event reconstruction (Aleksić et al., 2012b ) is applied. Data selection is performed in two different steps, first based on quality cuts and secondly on specific cuts (see Table 1 for details on the amount of data surviving each data selection criteria). Quality cuts are used to select data runs of ∼20 minutes duration with the zenith angle ranging between 5 • and 50 • . Only a minor fraction of the data recorded was taken with zenith angles above 50 • . A second quality cut was based on the intensity of the night sky background (NSB) that, if too large, also significantly reduces the performance. We allowed the average camera illumination to be no larger than three times that of a standard dark night (as suggested in Ahnen et al., 2017) . Furthermore, we selected data based on atmospheric transparency measured with the MAGIC LIDAR instrument (Fruck et al., 2014) , requiring a atmospheric optical depth in the direction of the telescope pointing larger than 85% that of a clear night (which guarantees acceptable performance and systematics below those quoted in Aleksić et al., 2016a) . Finally, an event-wise cut based on the size of the event (the total integrated charge contained in a shower image) of 80 photo-electrons is applied. This is slightly higher than the one used for standard low zenith observations to compensate for the larger extinction of Cherenkov light from events at higher zenith values present in our data.
In a second step, specific cuts are used to remove observation nights in which the detection significance (defined in Li and Ma, 1983 ) of any of the astrophysical sources NCG 1275, NGC 1265, and IC 310 (colored star markers in Figure 1 ) is higher than 3σ. The gamma-ray emission of these sources may vary from night to night both in intensity and spectral morphology. Since we search for a steady signal of DM, excluding from the search data from these nights minimizes possible systematic effects introduced by astrophysical signal contamination. No bias is introduced in the search for DM since the evaluation of the detection significance of NGC 1275, NGC 1265 and IC 310 is performed out of the signal region used for the decaying DM search.
Finally, events surviving all the aforementioned data selection criteria are assigned an estimated energy and direction, and a parameter called "hadronness" or h (based on a random forest method, as explain in Albert et al., 2008) , which estimates the hadron or gamma-ray origin of an event.
Dark Matter signal region
For an accurate computation of the IRF of the analysis, the morphology of the expected DM signal (described in Section 2) is used to tune the distribution of simulated MC events. This procedure was first applied by Ahnen et al. (2018) during the DM search from the Ursa Major II dSph and was discussed extensively in Palacio (2018) . Moreover, in order to avoid contamination from gamma rays coming from NGC 1275, we construct a ring-shaped signal-search region R2 (defined by two angular distances θ min and θ max described in Figure 1 ). Apart from excluding the location of NGC 1275 from the region of interest R2, its astrophysical contamination inside R2 due to miss-reconstructed events is also estimated and included in the analysis. Due to the large extension of the decay DM signal and the finite distance between ON and OFF regions (regions around black and empty stars in Figure 1 ), OFF regions are not fully signal-free (in other words, DM events are expected inside the OFF region for all pointing directions). This contamination is also taken into account in the likelihood (L, see Section 4) and is estimated to be of ∼ 10% (∼ 40%) of the signal integrated in ON for pointing mode A (B), a factor that further affects the sensitivity. Figure 2: Average gamma-ray spectra (dN/dE) as a function of the gamma-ray energy (E) due to prompt emission for the decay channels bb,
and γγ for a 20 TeV DM particle.
Gamma-ray shower discrimination and final event selection
As seen in Equation 1 and 2, the expected gamma-ray flux depends on the instrument-related parameters θ min and θ max and also depends on the cut on hadronness h c , optimized independently in each energy bin. Both cuts are optimized based on their expected sensitivity to the DM decay lifetime (as will be introduced in Section 4). The optimal selection values are then h c , selected for a MC event efficiency of 80%, θ min = 0.1 • and θ max = 0.33 • (note that θ max is already close to 0.4 • , the wobble distance at which data were taken). The effective J-factor for those cuts 1 is ∼ 0.99 × 10 18 GeV cm −2 .
Dark matter decay search
Following Ahnen et al. (2016b) , we use the PYTHIA simulation package version 8.205 (Sjöstrand et al., 2015) to compute the average gamma-ray spectrum per decay process (dN/dE) for DM particles of masses between 200 GeV and 200 TeV decaying into the SM pairs bb, τ + τ − , µ + µ − , W + W − and γγ. For each channel and mass, we average the gamma-ray spectrum resulting from 10 7 decay events of a generic resonance with mass m DM into the considered pair (see Figure 2 ). For each simulated event, we trace all the decay chains, including the muon radiative decay (µ − → e − ν e ν µ γ, not active in PYTHIA by default), down to stable particles. To search for DM in the Perseus CG, we use a binned likelihood method developed for indirect DM searches with IACTs (Aleksić et al., 2012a) .
1 Estimated by J dec · N θ min <θ<θmax /N θ<1.5 • , with N θ<1.5 • and N θ min <θ<θmax the number of simulated gamma-ray events, following the spatial distribution expected for the decay DM signal from Perseus CG, detected before and after the angular cuts, respectively.
The binned likelihood used in our analysis is written as
where ν collectively refers to the nuisance parameters and D to the data being
The index i refers to the independent datasets (described in Table 2 ), and j to the bins of estimated energy. The parameters g i j and g OFF i j
are the estimated number of DM signal events for the ON and OFF regions, respectively; the parameters b i j are the estimated number of background events; N ON,i j are the number of observed events in the ON region and N OFF,i j is the number of observed events in the corresponding OFF bin; K is the likelihood function for κ i (the OFF/ON acceptance ratio), parametrized by a Gaussian function with mean κ obs,i and variance σ 2 κ,i , which includes statistical and systematic uncertainties, added in quadrature assuming Poisson statistics. We consider a systematic uncertainty for the parameter κ i , σ sys κ = 0.015κ obs,i , a value that has been established in (Aleksić et al., 2016a) . f i j (considered as fixed parameters in this analysis, in order not to lose the convergence of the likelihood) are the estimated number of foreground events from NGC 1275 (computed by extrapolating from the estimated number of gamma-ray excess-events within R1 around NGC 1275, see Figure 1 ). We infer the number of expected events reconstructed inside R2 taking into account the instrument's angular point spread function computed from a point-like MC representative for each analyzed data sample (same hardware stable period, same zenith range, and weighted to reproduce NGC1275's spectra measured in Ahnen et al., 2016a) . b i j and κ i are nuisance parameters, whereas the estimated number of signal events g i j and g OFF i j depend on the free parameter τ DM through
T obs,i is the total observation time, E and E the true and estimated gamma-ray energy respectively, and E min, j and E max, j the minimum and maximum energies of the j-th energy bin. Finally, G is the probability density function for the energy estimator E for true energy E, A eff is the effective collection area for R2 angular cuts computed from the tailored MC sample introduced in Section 3 (that takes into account the expected morphology of the gamma-ray signal and the instrument angular resolution), and i , the ratio between expected number of signal events in the OFF and ON regions, obtained from the same MC sample. We define the profile likelihood ratio as
where 1/τ DM andν are the values maximizing L (L is linear in 1/τ DM ), andν the value that maximizes L for a fixed 1/τ DM (when performing the maximization we restricted the value of the lifetime to the physical range, 1/τ DM ≥0). Lower limits in τ DM at 95% CL (τ LL DM ) are given for
We approximate the expected sensitivity to the DM decay lifetime τ svt DM as
The null hypothesis is the case with no DM signal (1/τ DM = 0), while the test hypotheses are built considering the flux computed using Equation 2, under the assumption of different DM particles with masses from 200 GeV to 200 TeV for pure SM decays. The dataset is divided into N samples = 42 independent subsets 2 according to the two observational pointing schemes (A and B), the wobble pointing positions, the different hardware stable periods, and two zenith ranges (15-35 • and 35-50 • ). Each likelihood term is linked to the rest of the terms through the common physical parameter τ DM .
Results and Discussion
We performed a search for decaying DM in the Perseus CG using 202 h of data passing a thorough selection as described in Section 3, for DM particles decaying into bb, τ + τ − , µ + µ − , W + W − , and γγ, with masses between 200 GeV and 200 TeV (for decays into γγ, the scanned mass range has been reduced between 200 GeV and 20 TeV, since for such spectra for larger masses the number of expected gamma-ray events detected by MAGIC in the observation time is lower than 1). 95% CL lower limits on the DM particle decay lifetime τ DM for each decay channel are obtained with a binned likelihood analysis (80 GeV to 10 TeV in 10 logarithmic-spaced bins 3 ) using J dec = 1.5 × 10 19 GeV cm −2 (see Section 2). The results for leptonic and hadronic decays are shown in Figure 3 where also reported are the two-sided 68% and 95% containment bands and the median for the null hypothesis, computed from the distribution of the lower limits obtained from the analysis of 300 realizations of the null hypothesis. This consist of MC simulations in which both ON and OFF regions are generated from pure background probability density functions, assuming both similar exposures for the real data, and κ i taken as a nuisance parameter in the likelihood function. We reach sensitivities τ DM > 10 26 s where no evidence for decaying DM is found in either decay mode. (Aleksić et al., 2014c, red line) and VERITAS (Aliu et al., 2012, pink line) collaborations. The limits obtained from the diffuse galactic center from the Fermi-LAT collaboration (Ackermann et al., 2012b, green-line) are also shown (limits for W + W − not available). Figure 4 show the comparison of MAGIC lower limits with results from other searches. Decaying DM scenarios are currently investigated with several classes of instruments and for different mass ranges. In the GeV-TeV mass range, the majority of limits make use of the Fermi-LAT instrument, sensitive in the MeV-GeV range, in two ways: either combining results from observations of CGs (Dugger et al., 2010; Ke et al., 2011; Zimmer et al., 2011; Huang et al., 2012; Charles et al., 2016; Ackermann et al., 2015a) or making use of the integrated cosmological decaying DM contribution to the extragalactic diffuse light (see, e.g., Cirelli et al., 2012; Cohen et al., 2017) , composed of prompt and secondary emission. It must be underlined that these results were not independently validated by the Fermi-LAT collaboration and that, in some cases these limits depend on the model-dependent secondary components. In the TeV energy range, where searches for diffuse emission are hindered because of the limited FoV of ground based IACTs, the decaying DM case was discussed by Cirelli et al. (2012) showing lower limits on the DM decay lifetime with H.E.S.S. data for the Fornax CG, but again an independent validation from the H.E.S.S. collaboration has not yet been published. At higher energies, the most stringent constraints on certain channels can be obtained with neutrinos with IceCube (Cohen et al., 2017) or ultra-high-energy cosmic rays with the Pierre Auger Observatory, KASKADE, and CASA-MIA (Aab et al., 2015; Kang et al., 2015; Chantell et al., 1997) . In the VHE gamma-ray range, our results are compared with previous limits obtained with MAGIC using 158 h of the dSph Segue 1 (Aleksić et al., 2014c) . We also show limits from 48 h observation of Segue 1 with VERITAS (Aliu et al., 2012) and with Fermi-LAT data on the Galactic Center (Ackermann et al., 2012b) . The comparison of these results may suffer from the fact that nuisance parameters are treated differently in different analyses. Fermi-LAT results are more constraining in the low WIMP mass range, up to few hundreds of GeV, depending on the decay channel. However, they are based on significant assumptions on the nature of the diffuse galactic gamma-ray emission, as discussed in Ackermann et al. (2012b) . The Perseus results are more constraining than previous dSph limits achieved above few hundreds GeV and extend previous MAGIC results towards larger WIMP DM masses so far unexplored. From a mere comparison of the astrophysical factors (60 times larger for Perseus than for Segue 1) one would have expected a similarly stronger constraint. However, several factors degrade the sensitivity in this analysis. Primarily, the region of interest is more complex: the presence of known astrophysical emitters in the FoV requires a reduction of the search signal region, and the extension of the DM profile induces a leakage of signal into the OFF region. Secondly, this analysis is made more accurate by additionally taking into account the uncertainty in the background rate estimation, and the different computation of the IRFs, which consider the morphology of the CG emission.
We did not consider the effect of a second gamma-ray contribution coming from the interaction of charged particles (most notably light leptons, generated during the decay process normally after hadronization, fragmentation and decay of prompt products) interacting with the intra-cluster magnetic field (ICMF) of Perseus or the cosmic microwave background (CMB). These charged particles may diffuse away from the DM halo although they are expected to be contained by efficient energy loss such as with synchrotron and Inverse Compton (IC) processes. This was investigated for the annihilating DM case in Gómez-Vargas et al. (2013) and Ackermann et al. (2015a) , where the authors showed that for DM masses above 50 GeV, the contribution from secondary gamma rays can boost the signal up to a factor of 5 for muons and a factor of 2 for taus ( Figure 5 of Gómez-Vargas et al., 2013) for the Galactic Center region. Such a contribution would be proportional to the J-factor, and therefore be present also in our case. The predominance of the former or the latter, discussed also in Gómez-Vargas et al. (2013) , is governed by the intensity of the ICMF. For values larger than 3µG, the magnetic field energy density is comparable to that of the CMB photons, that are the seeds for IC up-scatterings. Considering that the Perseus core is expected to have a magnetic field in the range 3 − 25µG or larger (Aleksić et al., 2012c; Taylor et al., 2006) , the IC contribution is expected to be less relevant due to important synchrotron losses. Above several hundreds GeV, our results are therefore conservative and could be only slightly more stringent in case secondary emission is considered.
Finally, the results for monochromatic line decays are shown in Figure 5a where we reach sensitivities τ DM > 10 27 s. Again, no evidence for decaying DM is found. In Figure 5b , Perseus results for line-like spectra are put into context and compared with the Fermi-LAT data of Ackermann et al. (2015b) 4 . The Fermi-LAT collaboration has published several studies on spectral line searches (Abdo et al., 2010; Ackermann et al., 2012a Ackermann et al., , 2013 . In their latest work (Ackermann et al., 2015b) , Fermi-LAT updated their results using 5.8 years of Pass 8 data and an optimized region of interest according to different DM realizations. One can see that Fermi-LAT data are more constraining below the TeV mass scale while Perseus results are the most constraining results at the low TeV mass range and extend the current scanned mass range of decaying WIMPs to larger values.
Summary and Conclusions
Clusters of galaxies are optimal targets for decaying DM searches, given their huge expected DM content. The MAGIC telescopes have observed the Perseus CG for about 400 h over several years. The data sample was used in this paper to search for decaying DM in the Perseus CG core. The analysis is made more complex by the presence of the central radio galaxy NGC 1275, a known bright gamma-ray emitter with variable flux, as well as by the more peripheral radio galaxy IC 310. Furthermore, the putative signal region extends outwards to a radius a few times the telescope angular resolution. This necessitated the development of a tailored MC sample and the inclusion of extra terms in the likelihood function with respect to a standard analysis. Out of the full data sample, 202 h have been selected for our study. No evidence of a DM signal has been found. From this result, we cast lower limits on the decay lifetime τ DM of WIMP DM with masses between 200 GeV and 200 TeV for several "pure" (i.e. 100% branching ratio) decay channels bb, τ + τ − , W + W − , µ + µ − as well as for "pure" γγ decay line. We have reached strong limits on the order of τ DM = 2 × 10 26 s for a 10 TeV DM particle decaying into τ + τ − and τ DM = 3 × 10 27 s for a 10 TeV DM particle decaying into γγ. Our limits improve previous MAGIC results and are the most constraining limits on the decay lifetime of DM particles based on observations from ground-based gamma-ray instruments.
It is unlikely that dwarf satellite galaxies can provide stronger constraints on decaying DM scenarios than the ones provided by CGs. Improving current limits on decaying DM particles with this technique would require a significant increase of observation time on CGs, which is unlikely in the close future with the current generation of IACT. Therefore, these results are unlikely to be further improved until the next generation of Cherenkov telescopes, like the Cherenkov Telescope Array (CTA, Acharya et al., 2017) , becomes active.
